High throughput confocal imaging poses challenges in the computational image analysis of complex subcellular structures such as the microtubule cytoskeleton. Here, we developed CellArchitect, an automated image analysis tool that quantifies changes to subcellular patterns illustrated by microtubule markers in plants. We screened microtubule-targeted herbicides and demonstrate that high throughput confocal imaging with integrated image analysis by CellArchitect can distinguish effects induced by the known herbicides indaziflam and trifluralin.
| INTRODUCTION
High throughput confocal imaging using genetically encoded fluorescent markers is a powerful tool to investigate individual cell structure and function, and mechanisms that underlie subcellular responses to environmental stresses and during development. Combined with automated multiparametric image and data analysis, high throughput confocal imaging has vastly expanded the potential to screen large chemical libraries to identify molecular regulators of subcellular trafficking. 1 In the context of drug discovery in human studies, multiparametric data acquired from high throughput confocal imaging has proven particularly informative in understanding the dynamics of subcellular trafficking and cellular responses to bioactive chemicals. 2 Few studies have explored the application of high throughput imaging with respect to its potential to facilitate screening for bioactive chemicals that perturb (sub)cellular responses in plants. [3] [4] [5] [6] [7] These few imaging-based screens were designed to detect perturbations of discrete subcellular structures, that is, the localization of fluorescent markers at the cell periphery and vesicles. [8] [9] [10] Complex subcellular structures such as the patterns tagged by microtubule and actin markers pose challenges for their analysis; current tools (eg, FibrilTool and MicrofilamentAnalzyer) rely upon manual selection of the cells, structures or other regions of interest (ROI). 11, 12 Manual image processing prior to analysis limits automated applications, which is impractical for high content screening. In addition, computational analysis of z-stack images from whole tissues/organisms has not yet advanced sufficiently to allow for true automation of complex subcellular structures by high throughout confocal imaging in plants.
To automate detection and analysis of complex subcellular patterns, we used an image analysis framework utilized for high-content screening. We have previously developed scripts for automated Christine Faulkner and Ji Zhou contributed equally to this work.
detection and quantification of discrete, spot-like (sub)cellular structures such as Golgi and endosomes in the cytosol, as well as plasmodesmata, pathogen-induced focal accumulations and callose deposits at the cell periphery. [8] [9] [10] 13 These tools can identify and quantify structures with and without cell segmentation allowing for the potential for per cell or per image area outputs. The tools also find application beyond their intended initial use, for example by tracking the identified spot-like callose deposits between multiple images, CalloseMeasurer can also quantify the complex patterns of in planta pathogen growth. 13 An important feature of these scripts is the automated batch processing of large image datasets not requiring manual ROI selection.
Regulatory processes and the associated costs strain the delivery of new agrochemicals to the market. 
| Quantification of microtubule patterns induced by known herbicides
We applied high throughput confocal imaging integrating computational image analysis using CellArchitect to profile altered microtubule patterns in herbicide-treated Arabidopsis epidermal pavement cells, with the aim to predict the biological process each herbicide targets.
To validate our protocol, we first examined the known herbicides oryzalin, trifluralin and indaziflam for distinct effects on the microtubule cytoskeleton compared with control data (DMSO treatment). Images from replicate treatments were processed with CellArchitect to quantify the following features: object density per cell, relative population of object length categories and object width ( Figure 1 ). Object density was expected to quantify a total reduction in objects of microtubule patterns per cell, that would be expected to infer on microtubule depolymerisation or bundling. Object length categorisation quantifies the number of microtubule objects in each of the short-, medium-and long-size classes. These categories were selected based on overall distribution of microtubule object length ( Figure S1 ). The total length (in pixels) of objects in a given category is expressed as a proportion of the total length of detected objects within a given cell such that pattern changes arising from microtubule fragmentation can be quantified. Increased object thickness or width represents a pattern feature that would be expected to infer on microtubule bundling.
Qualitative assessment of oryzalin treatment showed strong effects on microtubules (Figure 2 ), in agreement that oryzalin prevents microtubule polymerisation and thus making extend microtubules more likely to depolymerize. 22 Trifluralin treatment also reduced the number and length of microtubules in a cell, while indaziflam treatment has little to no effect ( Figure 2 ). High throughput imaging and CellArchitect analysis quantified the objects of microtubule patterns for each treatment and confirmed that oryzalin treatment increased the relative number of objects in the short class size for both, the GFP-MAP4 and the TUB6-GFP marker ( Figure 3 ).
Consistently, the relative number of GFP-MAP4 and TUB6-GFP tagged objects in the long class size decreased in oryzalin treatments. This indicates that oryzalin effects are proportional to the total population of microtubule objects; the density of objects decreased significantly indicating depolymerisation and/or bundling also occurred. For both trifluralin and indaziflam, the relative number of microtubule objects in the short size class was similar for the GFP-MAP4 marker. The difference in the appearance of the patterns is accounted for by the significant difference in object density induced by trifluralin but not indaziflam. Short size microtubule objects marked by TUB6-GFP were marginally increased in trifluralin treatments, which was correlated with reduced microtubule objects in the long size class, and a similar effect was also detected with the GFP-MAP4 marker. Together, these results show that CellArchitect enables the quantification of distinct microtubule patterns and is therefore suited to screening chemical libraries for distinct herbicidal activities.
| Quantification of microtubule patterns induced by compounds with herbicidal activity
Known classes of herbicides have been reinforced by newer compounds with the aim to overcome resistances attributable to when considering object density (Figure 3 ). This is represented by the measurable increase in object width-C2 and C3 can be grouped, and separated from the remaining compounds, with respect to object width. The "shard-like" objects induced by C2 and C3 are reminiscent of microtubule patterns observed upon interference with katanin function required for severing. 24 Based on these similarities it is possible to hypothesize that the biological process targeted by C2 and C3 may involve katanin-mediated severing. Our results show that the 6 tested compounds belong to the group of microtubule-targeted herbicides. Compared with microtubule patterns induced by oryzalin, compound C2 was most similar, including object length (short and long class), density and width. C1 produced also similar patterns for object length with a similar trend for object density and width. It is possible to speculate that C1 and C2 exhibit a mode of action similar to oryzalin. By contrast, C4, C5 and C6 all showed much stronger effects on object length (more short and less long class objects) compared with oryzalin, while showing lesser effect on object density and width. Also, microtubule patterns induced by C4, C5 and C6 were distinct to those produced by trifluralin. This suggests that C4, C5, C6 act as compounds causing microtubule disassembly likely through a distinct mode of action than the dinitroaniline herbicides oryzalin and trifluralin. However, despite differences in chemical structures and effects on microtubule patterns, the microtubuletargeted compounds usually associate with 1 of the 3 tubulin binding sites changing the confirmation of the tubulin molecule, thereby preventing polymerization. 22 
| Quantification of herbicide-treated endomembrane compartments
The quantification of microtubule patterns revealed indistinguishable effects by C4-6. Microtubules are linked with the localization of cellulose synthase, another herbicidal target and a cargo of the endomembrane trafficking system. 22, 25 Therefore, to identify additional (side) effects by the herbicides that could further differentiate their mode of activity, we applied high throughput confocal imaging integrating computational image analysis by EndomembraneQuantifier, 9 and profiled the effect of each herbicide on endomembrane compartment subcellular structures. These included endosomes, the trans-Golgi network (TGN) and Golgi bodies, visualized by the well-established genetically encoded RFP-ARA7, VTI12-YFP, SYP32-YFP markers, respectively. 26 Effects on these endomembrane compartments by all tested compounds were subtle and imperceptible to the human eye without quantification. With respect to C4-6, C4 exhibited the strongest effects ( Figure 5 ). Statistical analysis suggests that C4
induced an increase in endosome size correlated with a decrease in ). Arabidopsis seedlings were grown on soil for 14 days in 12 hour light and 60% humidity.
| Chemical treatments
Cotyledons were detached from seedlings and incubated in 25 μM solutions (0.25% DMSO) of the respective compounds. Controls were incubated in 0.25% DMSO. Cotyledons were vacuum infiltrated for 2 minutes so that treatment solutions penetrated the tissue and then incubated at room temperature for 4 hours. For microtubule labelled lines, 10 minutes prior to imaging propidium iodide was added to the solution to a final concentration of 100 μg/mL.
Cotyledons were imaged by the Opera HCS microscope as described by Beck et al. 9 In brief, leaves were secured on rubber 
| Image analysis
CellArchitect is an Acapella-based image analysis tool that provides an automated workflow to detect and quantify patterns from plant bioimages. Broadly, it proceeds by identifying leaf epidermal cells of interest, performs detection of objects labelled by fluorescenttagged cytoskeleton markers and extracts features for quantifying cytoskeleton objects. To make CellArchitect suited for batch processing of bioimages taken from whole leaves, an uneven organ, we included a pre-processing step to calibrate Opera confocal microscopy images, then to generate maximum projections from optical zplanes and excluding maximum projections containing out-of-focus areas, thus not valid for pattern analysis (Figure 1 ). To this end, a maximum intensity projection is used to reconstruct optical z-planes captured by the 2 cameras of the Opera microscope. After that, CellArchitect applies fluorescence intensity histogram equalization to calibrate the projected images so that batch processing could be carried out on maximum projections with similar fluorescence intensity histograms. 27 The Manual detection of microtubule patterns was performed on maximum intensity projections using Fiji tools. 29 Pavement cell outlines were manually determined as ROI using a polygon selection, prior manual adjustment of brightness and contrast. After that, a manual thresholding of the image was applied to capture the microtubule objects, which were then measured using the skeleton analysis tool. Manual measurements of the overall detected object length were compared to measurements by CellArchitect.
| Statistical analysis
Analysis of variance and post hoc Tukey (HSD) tests are used to detect significant differences between the chemicals. Different letters indicate significant differences between chemicals, calculated for each parameter separately (P < .05). All statistics are performed using R (R Development Core Team, 2008; http://www.R-project.org) and the packages agricolae 30 and multcomp. 31 
